Bacterial populations have served as model systems for studying evolutionary processes ever since the classic experiments of Luria and Delbruck, which demonstrated the occurrence of mutations prior to selection for the traits they conferred. However, several authors have recently presented experiments suggesting that bacteria may have mechanisms for directing which mutations occur, such that the rate of adaptive mutations is enhanced. Before the hypothesis of directed mutation is accepted, it is imperative to consider alternative hypotheses that might account for the same observations. To this end, we expand upon existing mathematical theory of the dynamics of mutation and selection in clonal populations for two cases of particular interest. The first case concerns selection against mutants before plating; this selection occurs as the result of differences in growth rate between mutants and nonmutants. We demonstrate that this selection model gives rise to distributions of mutants, obtained by plating from sister cultures, that are very similar to those expected when some mutations are induced by the selective environment. The second case concerns the sequential incorporation of two mutations as the result of selection for an intermediate genotype after plating. We demonstrate that this two-step mutation model also yields distributions that are similar to those expected when some mutations are induced by the selective environment. These two cases therefore provide alternatives to the hypothesis of directed mutation. We suggest experiments that might be used to examine our alternative hypotheses. We also contrast the hypothesis of directed mutation with the notion of inheritance of acquired characteristics.
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Luria and Delbruck (1) showed that the distribution of mutants obtained by selective plating from sister cultures will have a jackpot distribution, which is characterized by a high ratio of variance to mean, when the following conditions are met. Each sister culture starts from a small inoculum of some fixed number of cells (No) , such that no mutants are present when the sister cultures are founded. Each sister culture then grows exponentially at some rate (r) for a fixed period of time (t). During each time interval, there is some probability (u) that a cell mutates. Once a mutation has occurred in a cell lineage, it has no effect on the subsequent growth of that lineage. Some or all of each sister culture is then plated on a medium that permits each mutant cell to grow into a visible colony, but prevents the growth of nonmutant cells. Lea and Coulson (2) (3) (4) (5) .
If the hypothesis of directed mutation is, indeed, correct, it has onerous implications for bacterial genetics and, in particular, for the use of bacterial populations as model systems for the study of evolutionary processes. Before such a hypothesis is accepted, it is imperative to exclude alternative hypotheses that might account for these types of observations. In this paper, we expand upon existing mathematical theory of the dynamics of mutation and selection in clonal populations for two cases of particular interest. The first concerns selection against mutants prior to plating, which occurs as the result of differences in growth rate between mutants and nonmutants. The second concerns the sequential incorporation of two mutations as the result of selection for an intermediate genotype after plating. We suggest experiments that might be used to distinguish these alternative hypotheses from the hypothesis ofdirected mutation. We also contrast the hypothesis of directed mutation with the notion of inheritance of acquired characteristics.
Selection Against Mutants Before Plating
The jackpot distribution assumes that mutants and nonmutants have equal growth rates during growth in the sister cultures (i.e., prior to selective plating). However, many mutants that are selected under one set of environmental conditions grow more slowly under other conditions (6-9), owing to pleiotropic effects of the mutations. If mutants grow more slowly than nonmutants, then mutations that occur by chance earlier in some sister cultures than in others will contribute less to the number of mutants at some later time than if mutants grow at the same rate as nonmutants. This has the effect of reducing the variation among sister cultures (8, (10) (11) (12) .
Koch (8) has already modified the equations of Lea and Coulson (2) to allow for selection against mutants before
2775
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
plating. He did so by assuming that mutants had a different growth rate from nonmutants and letting g be the ratio of the two growth rates. We repeated Koch's extension of Lea and Coulson's analysis; we did not obtain the solutions in closed form, but the resulting equations were easy to solve numerically to obtain the distribution ofmutants from sister cultures as a function of g and m. We were then able to compare this selection model with the hybrid mutation model presented by Cairns et al. (3) , in which some fraction of the mutations are induced by the selective environment. As shown in Fig. 1 , the distributions under the selection model are almost identical to the hybrid mutation model when the parameters are chosen to provide good agreement to the experimental data of Cairns et al. (In our numerical analysis of the selection model, we also considered the possibility that there were two or more classes of mutants with different growth rates. We found that, to a close approximation, the distribution of mutants obtained from sister cultures could be predicted from the weighted average of the growth rates for the different mutant classes.)
One can falsify the hypothesis of selection before plating by demonstrating that mutants and nonmutants do not differ in their growth rate by an amount sufficient to account for the (16) .
Inheritance of Acquired Characteristics
The alternatives to the hypothesis of directed mutation that we have presented involve selection acting at the level of individuals within populations. By contrast, the processes hypothesized by Cairns et al. selection acting on molecular variants within cells. There is an extensive literature in evolutionary biology concerning the potential for selection to act at different levels of organization (21) (22) (23) (24) (25) 
Conclusions
We have formulated two explicit and testable alternatives to the hypothesis of directed mutation. As these alternative hypotheses rest upon well-known processes, we believe that it is premature to conclude that novel mechanisms are needed to explain the types of data that have been reported thus far. Further work on this subject is needed. Appropriate mathematical models and experimental designs will clearly be required to decide among the various hypotheses. Regardless of the outcomes of further research, the hypothesis of directed mutation should not be equated with the notion of inheritance of acquired characteristics.
